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C BY-NC-Abstract New type of aromatic polyamide/montmorillonite nanocomposites were produced using
solution intercalation technique in N-methyl-2-pyrrolidone. High-molecular-weight amide chains
were synthesized from 4,40-diaminodiphenyl ether and 4-phenylenediacrylic acid in N-methyl-2-pyr-
rolidone. The resulting nanocomposite ﬁlms containing 5–20 wt.% of organoclay (Cloisite 20A)
were characterized for FT-IR, scanning electron microscopy (SEM), X-ray diffraction (XRD),
thermogravimetric analysis (TGA), optical transparency and water absorption measurements.
The distribution of organoclay and nanostructure of the composites were investigated by (XRD)
and SEM analyses. Thermogravimetric analysis indicated an increase in thermal stability of nano-
composites as compared to pristine polyamide. The percentage optical transparency and water
absorption of these hybrids was found to be much reduced upon the addition of modiﬁed layered
silicate indicating decreased permeability.
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ND license.1. Introduction
Inclusion of polymer chains in the layered hosts, such as mont-
morillonite-type silicates, has proven to be a successful
approach to synthesize nanophase composite materials. Three
preparative techniques are generally employed to prepare these
materials depending upon the starting materials and process-
ing techniques, i.e., in situ polymerization intercalation, solu-
tion intercalation and melt intercalation. Primarily the most
widely utilized technique is the polymerization intercalation
with one or more monomers polymerized in situ linearly or
crosslinked. Actually, it was the ﬁrst method applied to synthe-
size polymer-layered silicate nanocomposites based on poly-
amide-6 (Fukushima et al., 1988; Okada et al., 1990). Many
polymer-layered silicate nanocomposites including thermosets
are still extensively produced by the same method. The
192 K. Faghihi et al.solvent-based technique is the solution intercalation in which
the polymer and silicate solutions are blended, and the poly-
mer chains intercalate within the interlayers of the silicate.
Upon solvent removal, the intercalated structure remains,
resulting in composite materials with nanoscale morphology.
Many nanocomposites have been studied both in aqueous
and non-aqueous solvents using this approach such as poly
(vinyl alcohol), (Greenland, 1963), poly(vinyl pyrrolidone),
(Francis, 1973), poly(ethylene oxide) (PEO), (Ruiz-Hitzky,
1993 and Lemmon and Lerner, 1994), poly(1-lactide), (Ogata
et al., 1997), polyimide, (Agag et al., 2001; Tyan et al., 1999;
Yano et al., 1997), high-density polyethylene (Jeon et al.,
1998) and nematic liquid crystal (Kawasumi et al.,1998). Melt
intercalation has become attractive since it came to eminence
in 1990s (Vaia et al., 1993). A lot of polymers, such as PEO
(Vaia et al., 1995a; Krawiec et al., 1995), polystyrene and its
derivative polymers (Vaia et al., 1993, 1995a,b; Sikka et al.,
1996), poly(styrene-b-butadiene) copolymer (Laus et al.,
1997), polyamide-6 (Liu et al., 1999) and polyethylene–poly-
ethylene glycol diblock copolymer have been melt-intercalated
into organically modiﬁed layered silicates. The melt intercala-
tion method has advantages over the already described tech-
niques because it is environmentally benign due to the
absence of organic solvents and is compatible with current
industrial processing techniques. Although this method allows
the use of polymers which are previously not suitable for poly-
merization or solution intercalation, the serious drawback that
it suffers is the degradation of the intercalating agent during
processing temperature. The organic treatment is essential
for dispersing the normally hydrophilic clay into a hydropho-
bic polymer (Giannelis, 1996 and Krishnamoorti et al., 1996).
The thermal stability of the organic treatment is of impor-
tance, as many nanocomposites are melting blended or cured
at high temperatures. This becomes important as the alkylScheme 1 Synthetic route of
Scheme 2 Synthetiammonium ions commonly used as the organic treatment for
layered silicates are thermally unstable, typically decomposing
at temperatures of 200 C or less (Gilman et al., 2000; Xie
et al., 2001; Pauly and Pinnavaia, 2001; Kruk et al., 1999).
When this decomposition occurs, the silicate layers become
hydrophilic again, and their ability to positively affect the
physical properties may be reduced. The beneﬁts (on mechan-
ical, thermal, or ammability properties) usually gained from
the nanocomposites are typically degraded under these condi-
tions. To overcome this problem, thermally stable aromatic
amide oligomer was synthesized for the intercalation of mont-
morillonite and subsequent preparation of the aromatic-poly-
amide-based nanocomposites with improved compatibility
between the two phases. Recently, the present authors have re-
ported high temperature sol–gel derived hybrid materials and
organoclay nanocomposites (Ahmad et al., 1997a,b,c; Sarwar
et al., 2007a,b; Zulﬁqar et al., 2007; Kausar et al., 2007; Bibi
et al., 2007). In the present work, nanocomposites of aromatic
polyamide with organoclay have been synthesized using solu-
tion intercalation method. Polyamide chains were prepared
by reacting 4,40-diamino diphenyl ether and 4-phenylenediac-
rylic acid in N-methyl-2-pyrrolidone (NMP). The resulting
nanocomposite ﬁlms containing 5–20 wt.% of organoclay were
obtained after evaporating the solvent and were characterized
for XRD, SEM, TGA, and water absorption measurements.
2. Experimental
2.1. Materials
4,40-Diamino diphenyl ether, triphenyl phosphite (TPP),
terephthal aldehyde, malonic acid and CaCl2, were purchased
from Merck Chemical Company, pyridine and N-methyl-2-
pyrrolidone (NMP) were purchased from Fluka Chemical4-phenylenediacrylic acid 3.
c route of PA 5.
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ﬁed montmorillonite Cloisite Na+ and the organically-mod-
iﬁed Cloisite 20A supplied by Southern Clay Products (TX),
were used as polymer nanoreinforcement. The organic modiﬁ-
ers and the interlayer distance of the clays are shown in Table 1
to account the structural modiﬁcations of the functional
points.
2.2. Techniques
IR spectra were recorded on a Galaxy series FTIR 5000 spec-
trophotometer (England). Band intensities are assigned as
weak (w), medium (m), strong (s) and band shapes as shoulder
(sh), sharp (s) and broad (br). UV–vis absorptions were re-
corded at 25 C in the 260–800 nm spectral regions with a
Perkin–Elmer Lambda 15 spectrophotometer on NMP solu-
tions by using cell path lengths of 1 cm. 1H NMR spectra
was recorded on a Bruker 300 MHz instrument (Germany).
Thermal gravimetric analysis (TGA) data for polymers were
taken on a Mettler TA 4000 System under N2 atmosphere at
a heating rate of 10 K/min. Elemental analyses were performed
by Vario EL equipment. X-ray diffraction (XRD) were per-
formed on Philips X-Pert (CuKa radiation, k= 0.15405 nm).
The morphology of nanocomposite ﬁlm was investigated on
Cambridge S260 scanning electron microscope (SEM).
2.3. Monomer synthesis
2.3.1. Synthesis of 4-phenylenediacrylic acid
4-Phenylenediacrylic acid 3 was prepared according to a typi-
cal procedure was shown in scheme 1 (Faghihi, 2008).Scheme 3 Flow sheet diagram for the synt2.4. Polymer synthesis
Into a 100 mL round bottomed ﬂask was placed a mixture of
4-phenylenediacrylic acid 3 (0.002 mol), 4,40-diamino diphenyl
ether 4 (0.002 mol), 0.60 g of calcium chloride, 1.2 mL of tri-
phenyl phosphite, 1.0 mL of pyridine and 4.0 mL NMP. The
mixture was heated for 1 h at 80 C, 1 h at 100 C and then re-
ﬂuxed at 140 C for 8 h until a viscous solution was formed.
Then it was cooled to room temperature and 30 mL of meth-
anol was added to reaction mixture. The precipitate was
formed, ﬁltered off and washed with methanol. The resulting
polymers 5 were dried under vacuum. The inherent viscosity
of this soluble PA 5 was 0.70 dL g1 (Scheme 2). Anal. Calcd.
for C24H18N2O3: C, 75.4; H, 4.7; N, 7.3. Found: C, 76.0; H,
4.1; N, 7.1.
2.5. PA-nanocomposite synthesis 5a–5c
PA-nanocomposites 5a–5c were produced by solution interca-
lation method, in three different amounts of organoclay parti-
cles (10, 15 and 20 wt.%), which were mixed with appropriate
amounts of PA solution in N-methyl-2-pyrrolidone (NMP) to
yield particular nanocomposite concentrations. To control the
dispersibility of organoclay in polyamide matrix, constant stir-
ring was applied at 25 C for 24 h. Nanocomposite ﬁlms were
cast by pouring the solutions for each concentration into Petri
dishes placed on a leveled surface followed by the evaporation
of solvent at 70 C for 12 h. Films were dried at 80 C under
vacuum to a constant weight. Scheme 3 shows the ﬂowsheet
diagram and synthetic scheme for PA-nanocomposites ﬁlm
5a–5c.hesis of PA-nanocomposites ﬁlm 5a–5c.
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3.1. Monomer synthesis
4-Phenylenediacrylic acid 3 was synthesized by the
condensation reaction of two equimolars of malonic acid 1
with one equimolar of terephthal aldehyde 2 in pyridine
solution.
The chemical structure and purity of compound 3 was
proved by FT-IR and 1H NMR spectroscopy. The FT-IR
spectrum of compound 3 showed a broad peak between
2800 and 3500 cm1 which was assigned to the COOH
group. Several absorption bands at 1665, 1610, and
1501 cm1 were observed, which are characteristic peaks
for carbonyl bond, vinyl segment, and aromatic ring. The
1H NMR spectrum of diacid 3 showed two doublet peaks
at 6.54–6.57 and 7.56–7.59 ppm, which were assigned to the
protons of vinyl group. The peak at 7.70 ppm was assigned
to the protons of aromatic ring. Finally the broad peak
between 12.80 and 13.00 ppm was assigned to protons of
COOH groups.
3.2. Polymer synthesis
Polyamide 5 was synthesized by the direct solution polycon-
densation reaction of an equimolar mixture of diacid 3, an
equimolar mixture of diamine 4 by using triphenyl phosphite
(TPP) and pyridine as condensing agents Scheme 2. PA 5
was obtained in good yield (97%) and inherent viscosity
(0.70 dL g1). The structure of resulting polymer 5 was con-
ﬁrmed as PA by using FT-IR spectroscopy and elemental anal-
yses. The resulting polymer has absorption band around
1660 cm1 due to amide carbonyl groups. Also the absorption
band of amide group appeared at 3300 cm1 (N–H stretching).
The elemental analysis value of the resulting polymer was in
good agreement with the calculated values for the proposed
structure.Figure 1 FT-IR spectrum of3.3. PA-nanocomposite ﬁlms
PA-nanocomposite ﬁlms were transparent and yellowish
brown in color. The incorporation of organoclay changed
the color of ﬁlms to dark yellowish brown. Moreover, a de-
crease in the transparency was observed at higher clay con-
tents. Scheme 3 show the ﬂowsheet diagram and synthetic
scheme for PA-nanocomposites ﬁlm 5a–5c.
3.4. Nanocomposite characterization
3.4.1. FT-IR spectroscopy analyses
FT-IR spectroscopy spectra of PA-nanocomposite ﬁlms 5a–5c
showed the characteristic absorption bands of the Si–O and
Mg–O moieties at 1091, 515 and 458 cm1, respectively. The
incorporation of organic groups in PA-nanocomposite ﬁlms
was conﬁrmed by the presence of peak at 1654 amide carbonyl
group Fig. 1.
3.4.2. X-ray diffraction analysis
Fig. 2 shows the XRD patterns of PA-nanocomposite ﬁlms
5a–5c containing 10, 15 and 20 wt.% of silicate particles.
The result reveals an increased d-spacing from 1.00 nm
(8.78) of Na–MMT to (5.70) of PA-nanocomposite ﬁlm
(10 wt.%), (4.95) of PA-nanocomposite ﬁlm (15 wt.%) and
(4.15) of PA-nanocomposite ﬁlm (20 wt.%). These results
indicated signiﬁcant expansion of the silicate layer after inser-
tion of PA chains. The shift in the diffraction peaks PA-nano-
composite ﬁlms conﬁrms that intercalation has been taken
place. This is direct evidence that PA-nanocomposites have
been formed as the nature of intercalating agent also affects
the organoclay dispersion in the polymer matrix. Usually there
are two types of nanocomposites depending upon the disper-
sion of clay particles. The ﬁrst type is an intercalated polymer
clay nanocomposite, which consists of well ordered multi lay-
ers of polymer chain and silicate layers a few nanometers thick.
The second type is an exfoliated polymer-clay nanocomposite,PA-nanocomposite ﬁlms.
Table 1 Organic modiﬁers and interlayer distance of the
clays.
Type of clay Organic
modiﬁer
Concentration
of organic modiﬁer
(meq/100 g clay)
Interlayer
distance (nm)
Cloisite 20A
N+ HT
HT
CH3
CH3 95 1.77
Figure 2 X-ray diffraction patterns of Na-MMT, Organoclay (a) and PA-nanocomposite ﬁlms 5a–5c.
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sive penetration of polymer chain into the layer silicate. Such
part would not produce distinct peaks in the XRD pattern
(Krishnan et al., 2007). In our PA- nanocomposite ﬁlms there
are coherent XRD signal at 5.70, 4.95 and 4.15 related to
10, 15 and 20 wt.% nanocomposite ﬁlms respectively.
3.4.3. Scanning electron microscopy
The surface morphology of the PA-nanocomposite ﬁlms pre-
pared by solution intercalation technique is compared by SEM
analyses. Fig. 3 shows the morphological images of 10, 15 and
20 wt.% nanocomposite ﬁlms, respectively. The SEM images
show that PA matrix has a smooth morphology, where as the
PAmatrix has an amorphmorphology. Also SEMmicrographs
of PA-nanocomposite containing 10, 15 and 20 wt.% clay
platelets were uniformly distributed without agglomeration.
3.4.4. Optical clarity of PA-nanocomposite ﬁlms
Optical clarity of PA-nanocomposite ﬁlms containing 10, 15
and 20 wt.% clay platelets and neat PA was compared by
UV–vis spectroscopy in the region of 260–800 nm. Fig. 4 shows
the UV–vis transmission spectra of pure PA and PA-nanocom-
posite ﬁlms containing 10, 15 and 20 wt.% clay platelets. These
spectra show that the UV–vis region (260–800 nm) is affected
by the presence of the clay particles and exhibiting low trans-
parency reﬂected to the primarily intercalated composites.
Results shows that the optical clarity of PA-nanocomposite
ﬁlms system is signiﬁcantly lower the neat PA system.
3.4.5. Thermogravimetric analysis
The thermal properties of PA-nanocomposite ﬁlms containing
10 and 20 wt.% clay platelets and neat PA were investigated by
using TGA and DTG in nitrogen atmosphere at a rate of heat-ing of 10 C/min, and thermal data are summarized in Table 2.
These samples exhibited good resistance to thermal decompo-
sition, up to 180–250 C in nitrogen, and began to decompose
gradually above this temperature. T5 for these nanocomposites
ranged from 180 to 250 C and T10 for them ranged from 220
to 330 C, and residual weights at 600 C ranged between
48.99% and 55.40% in nitrogen, respectively. Incorporation
of organoclay into the PA matrix also enhanced the thermal
stability of the nanocomposites. Fig. 5 shows the TGA ther-
mograms of PA-nanocomposites under nitrogen atmosphere.
Thus, we can speculate that interacting PAs chains between
the clay layers serve to improve the thermal stability of nano-
composites. The addition of organoclay in polymeric matrix
can signiﬁcantly improve the thermal stability of PA.
3.4.6. Water absorption measurements
The PA under investigation contains polar amide groups in the
backbone that have the tendency to uptake water through
hydrogen bonding. Thus water absorption measurements
Figure 3 Scanning electron micrographs of PA-nanocomposite ﬁlms 5a (a), 5b (b) and 5c (c).
Figure 4 UV–vis spectra of PA 5, PA-nanocomposite ﬁlms 5a–
5c.
Table 2 Thermal behaviors and water uptake of neat PA 5
and PA-nanocomposite ﬁlms 5a and 5c.
Polyimide T5
a (C) T10b (C) Char
yieldc (%)
Water
uptaked (%)
5 180 220 48.99 8.30
5a 190 230 50.38 5.60
5b – – – 3.70
5c 250 330 55.40 0.10
a,b Temperature at which 5% and 10%.
c Weight loss was recorded by TGA at heating rate of 10 C/min
in N2 respectively.
d Percentage weight of material left undecomposed after TGA
analysis 600 C.
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5a–5c and data are shown in Table 2. The water absorption of
PA-nanocomposite ﬁlms was carried out using a procedure un-
der ASTM D570-81 (Zulﬁqar and Sarwar, 2008). The ﬁlms
were dried in a vacuum oven at 80 C to a constant weight
and then weighed to get the initial weight (W0). The dried ﬁlms
were immersed in deionized water at 25 C. After 24 h, the
ﬁlms were removed from water and then they were quickly
placed between sheets of ﬁlter paper to remove the excesswater and ﬁlms were weighed immediately. The ﬁlms were
again soaked in water. After another 24 h soaking period,
the ﬁlms were taken out, dried and weighed for any weight
gain. This process was repeated again and again till the ﬁlms
almost attained the constant weight. The total soaking time
was 168 h and the samples were weighed at regular 24 h time
intervals to get the ﬁnal weight (Wf). The percent increase in
weight of the samples was calculated by using the formula
(Wf W0)/W0.
In the water permeability studies, we found that the incor-
poration of clay platelets into PA matrix results in a decrease
Figure 5 TGA thermograms of neat PA 5 and PA-nanocom-
posite ﬁlms 5a and 5c.
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path of water permeant. Water permeability depends on
length, orientation and degree of delamination of layered sili-
cate (Bharadwaj, 2001). It should be noted that a further in-
crease in clay concentration resulted in an enhanced barrier
property of nanocomposites which may be attributed to the
plate-like clays that effectively increase the length of the diffu-
sion pathways, as well as decrease the water permeability.
4. Conclusion
The PA-nanocomposites were successfully prepared using
solution intercalation method. The structure and the uniform
dispersion of organoclay throughout the PA matrix were con-
ﬁrmed by FT-IR, XRD and SEM analyses. The optical clarity
and water absorption property of PA-nanocomposites were
decreased signiﬁcantly with increasing the organoclay contents
in PA matrix. On the contrary the thermal stability of PA-
nanocomposites were increased signiﬁcantly with increasing
the organoclay contents in PA matrix. The enhancements in
the thermal stability of the nanocomposites ﬁlms 5a–5c caused
by introducing organoclay may be due to the strong interac-
tions between polymeric matrix and organoclay generating
well intercalation and dispersion of clay platelets in the PA
matrix.
References
Agag, T., Koga, T., Takeichi, T., 2001. Polymer 42, 3399–3408.
Ahmad, Z., Sarwar, M.I., Mark, J.E., 1997a. J. Appl. Polym. Sci. 63,
1345–1352.
Ahmad, Z., Sarwar, M.I., Mark, J.E., 1997b. J. Mater. Chem. 7, 259–
263.Ahmad, Z., Sarwar, M.I., Wang, S., Mark, J.E., 1997c. Polymer 38,
4523–4529.
Bharadwaj, R.K., 2001. Macromolecules 34, 9189–9192.
Bibi, N., Sarwar, M.I., Ishaq, M., Ahmad, Z., 2007. Polym. Polym.
Compos. 15, 313–319.
Faghihi, Kh., 2008. Turk. J. Chem. 32, 191–200.
Francis, C.W., 1973. Soil Sci. 115, 40–50.
Fukushima, Y., Okada, A., Kawasumi, M., Kurauchi, T., Kamigaito,
O., 1988. Clay Mineral. 23, 27–34.
Giannelis, E.P., 1996. Adv. Mater. 8, 29–35.
Gilman, J.W., Jackson, C.L., Morgan, A.B., Harris, J.R., Manias, E.,
Giannelis, E.P., et al., 2000. Chem. Mater. 12, 1866–1873.
Greenland, D.G., 1963. J. Colloid Sci. 18, 647–664.
Jeon, H.G., Jung, H.T., Hudson, S.D., 1998. Polym. Bull. 41, 107–113.
Kausar, A., Zulﬁqar, S., Shabbir, S., Ishaq, M., Sarwar, M.I., 2007.
Polym. Bull. 59, 457–468.
Kawasumi, M., Hasegawa, N., Usuki, A., Okada, A., 1998. Mater.
Eng. Sci. C. 6, 135–143.
Krawiec, W., Scanlon, L.G., Fellner, J.P., Vaia, R.A., Vasudevan, S.,
Giannelis, E.P., 1995. J. Power Sources 54, 310–315.
Krishnamoorti, R., Vaia, R.A., Giannelis, E.P., 1996. Chem. Mater. 8,
1728–1734.
Krishnan, P.S.G., Wisanto, A.E., Osiyemi, S., Ling, C., 2007. Polym.
Int. 56, 787–795.
Kruk, M., Jaroniec, M., Sayari, A., 1999. J. Phys. Chem. B 103, 4590–
4598.
Laus, M., Francescangeli, O., Sandrolini, F., 1997. J. Mater. Res. 12,
3134–3139.
Lemmon, J.P., Lerner, M.M., 1994. Chem. Mater. 6, 207–210.
Liu, L.M., Qi, Z.N., Zhu, X.G., 1999. J. Appl. Polym. Sci. 71, 1133–
1138.
Ogata, N., Jimenez, G., Kawai, H., Ogihara, T., 1997. J. Polym. Sci.,
Part B: Polym. Phys. 35, 389–396.
Okada, A., Kawasumi, M., Usuki, A., Kojima, Y., Kurauchi, T.,
Kamigaito, O., 1990. Mater. Res. Soc. Proc. 171, 45–50.
Pauly, T.R., Pinnavaia, T.J., 2001. Chem. Mater. 13, 987–993.
Ruiz-Hitzky, E., 1993. Adv. Mater. 5, 334–340.
Sarwar, M.I., Zulﬁqar, S., Ahmad, Z., 2007a. Colloid Polym. Sci. 285,
1733–1739.
Sarwar, M.I., Zulﬁqar, S., Ahmad, Z., 2007b. J. Sol-Gel. Sci. Technol.
44, 41–46.
Sikka, M., Carini, L.N., Ghosh, S.S., Winey, K.I., 1996. J. Polym. Sci.,
Part B: Polym. Phys. 34, 1443–1449.
Tyan, H.L., Liu, Y.C., Wei, K.H., 1999. Chem. Mater. 11, 1942–1947.
Vaia, R.A., Ishii, H., Giannelis, E.P., 1993. Chem. Mater. 5, 1694–
1696.
Vaia, R.A., Jandt, K.D., Kramer, E.J., Giannelis, E.P., 1995a.
Macromolecules 28, 8080–8085.
Vaia, R.A., Vasudevan, S., Krawiec, W., Scanlon, L.G., Giannelis,
E.P., 1995b. Adv. Mater. 7, 154–156.
Xie, W., Gao, Z., Pan, W.P., Hunter, D., Singh, A., Vaia, R., 2001.
Chem. Mater. 13, 2979–2990.
Yano, K., Usuki, A., Okada, A., 1997. J. Polym. Sci., Part A: Polym.
Chem. 35, 2289–2294.
Zulﬁqar, S., Sarwar, M.I., 2008. J. Incl. Phenom. Macrocycl. Chem.
62, 353–361.
Zulﬁqar, S., Ahmad, Z., Ishaq, M., Saeed, S., Sarwar, M.I., 2007. J.
Mater. Sci. 42, 93–100.
